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Effects of the size and matrix microstructure on compression of borosilicate
spheres -Zn22Al2Cu composites with foam behaviour

R.C. Flores-Marqueza, J.A. Aragon-Lezamab and G. Torres Villasẽnorb
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Borosilicate spheres - Zn22Al2Cu composites with a 2.9 g/cm3 density were prepared to assess whether changes in size affect the com-
pression behaviour, and whether this effect depends on the alloy matrix microstructure. The composite material was manufactured first by
alloy melting, then by sphere submersion into the liquid alloy, and finally by air-cooling the resulting mixture to room temperature. The
matrix microstructures used separately were as-cast microstructure and fine microstructure. They were characterized by optical and scanning
electron microscopies as well as by an energy dispersive X-ray spectroscopy compositional analysis of polished and etched samples. The
compression was tested in three samples of each size at a 1 mm/min crosshead speed. The compression curves of composites with fine
microstructure in matrix are similar in shape to those of ideal metallic foams, whereas curves of the composites having as-cast microstructure
in matrix have a shape like compression curves of Zn and Al2O3 foams. The as-cast microstructure is more susceptible to changes in size
than is the fine microstructure. Thus, the foam compression behaviour of borosilicate spheres - Zn22Al2Cu composites changes with the
increase in size, and this change depends on the matrix microstructure.
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El material compuesto de Zn22Al2Cu con esferas de borosilicato y densidad de 2.9 g/cm3, fue elaborado para establecer si el cambio de
sus dimensiones tiene efecto en su comportamiento ante la compresión, y si este efecto es distinto según la microestructura en la aleación
matriz. El material se manufacturó fundiendo primero la aleación, sumergiendo después las esferas eńesta y enfriando paulatinamente la
mezcla resultante al aire. Las microestructuras en la matriz fueron por separado de colada y fina. Estas fueron caracterizadas con microscopio
óptico y electŕonico de barrido y ańalisis composicional por EDS, en muestras pulidas y atacadas quı́micamente. Se ensayó en compresión
tres muestras de cada uno de tres tamaños diferentes a una velocidad de cabezal de 1 mm/min. La forma de la curva en compresión
del material compuesto es cercana a la de espumas metálicas ideales, cuando la microestructura en la matriz es fina, y parecida a la de
espumas de Zn o Al2O3, cuando la microestructura es de colada. La microestructura de colada es más susceptible al cambio de dimensiones
que la microestructura fina. Luego, el comportamiento en compresión tipo espuma del material compuesto de Zn22Al2Cu con esferas de
borosilicato, cambia al aumentar sus dimensiones y es distinto el cambio según la microestructura en su matriz.

Descriptores: Materiales compuestos de Zn22Al2Cu; comportamiento de espuma; compresión; cambio de dimensiones; cambio de mi-
croestructura

PACS: 81.05.2x; 83.50.Uv; 81.70.Bt

1. Introduction

Some of the key properties of the Zn22Al2Cu alloy are its
corrosion resistance, which is higher than that of galvanised
products, its ability to be laminated, to be superplastic under
suitable conditions, and to be welded [1].

The Zn22Al2Cu alloy features a typical as-cast mi-
crostructure, consisting of dendrites and inter-dendritic re-
gions, or a microstructure with very fine and alternatingα
andβ phases, abundant in Al and Zn, respectively. This is
achieved when tempering this alloy by heating to a tempera-
ture higher than 275◦C (to become aβ stable phase only) and
cooling to approximately 0◦C [2].

This alloy also presents a pearlite eutectoid micro-
structure consisting of alternatingα and β phases with a
lamellar shape when slowly cooled inside an oven from a
temperature higher than 275◦C to room temperature [3].

Because of the interesting properties of the Zn22Al2Cu
alloy, it has been considered as a matrix for composites or
cellular materials for structural purposes in several research
studies.

For example, the Zn22Al2Cu - ZnO composite has al-
ready been prepared and characterized by powder metallurgy,
using reactive grade powders of the elements. The results
showed that increasing the ZnO amount delays the forma-
tion of the pearlite component and considerably reinforces
the matrix [4].
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In another study, composites of this alloy with structural
components of hydroxyapatite, Al2O3 and graphite were
separately prepared from mixtures of alloy powders with
the aforementioned components, also by powder metallurgy,
achieving different reinforcements [5].

On the other hand, metal matrix syntactic foams,
MMSFs, and metal composite foams, MCFs, have been the
research topics of growing interest in recent years [6-14]. A
MMSF is a material having hollow spheres [15,16], and a
MCF has a second phase with pores (cells or voids) or a sec-
ond phase without pores and hollow spheres in matrix [17].

Several of these materials have been developed and stud-
ied using matrices of Al, a review article was written by [18].,
Zn [19] or the base alloy of eutectoid composition Zn22Al
[20,21]. MMSFs or MCFs with matrix Zn22Al2Cu have not
yet been elaborated.

In a recent study [22], solid glass spheres - Zn22Al2Cu
composites, with different densities and matrix microstruc-
tures (as - cast and fine) were prepared and characterized.
The results showed that these composites behave similarly to
foam under compression, albeit with substantially higher col-
lapse (or yield) and plateau stresses than conventional foams.
Even though, this material does not have hollow spheres or
cells anywhere. That is, this material is not a MMSF nor
MCF.

The present study assesses the effect of changes in the
size of the solid borosilicate spheres - Zn22Al2Cu com-posite
on its compression behaviour using two different microstruc-
tures in its matrix.

2. Experimental

2.1. Composite preparation

The raw materials for the preparation of the composites were
99.99% pure Zn, 99.97% pure Al, 99.999% pure electrolytic
Cu and borosilicate spheres 4 mm in diameter, with a melting
temperature of 1100◦C and a density of 2.5 g/cm3. Further
characteristics of the spheres and their chemical composition,
how were provide by the seller Ornela Ltd., are presented in
Table I.

TABLE I. Characteristics of glass spheres.

Chemical analysis SiO2: 61-67%; Na2O: 10-18%;

CaO: 5-10%; Al2O3: 3-8%;

B2O: 1-5% and MgO: 0.5-3%

Lead content Contains no lead

Elastic modulus 78-85 GPa

Vickers microhardness 970 kp/cm2

Density 2.5± 0.04 g/cm3

Diameter 4.0± 0.3 mm

FIGURE 1. A face of borosilicate spheres - Zn22Al2Cu composite.
M, matrix.

The composites were prepared melting Zn inside a cru-
cible, previously coated with zirconia, in a muffle furnace at
700◦C, subsequently incorporating Al and finally Cu. In an-
other furnace, a crucible with the spheres had been preheated
to 400◦C. The spheres were added to the liquid alloy and
were pushed with a piston to prevent flotation while the mix-
ture was air-cooled. Figure 1 shows a face of the composite
prepared and cut just in half.

2.2. Alloy matrix microstructures

The composites prepared were halved. One-half was sub-
jected to no further treatment, maintaining the microstruc-
ture resulting from the composite preparation, the as-cast mi-
crostructure. The other half of material, was subjected to heat
treatment, homogenisation and tempering, which consisted
of heating the piece in a muffle furnace at a stable state to
350◦C for 45.5 h and then quickly cooling the piece to 0◦C
in an ice bath to obtain a very fine micro-structure.

2.3. Metallographic Preparation

One side of the composite samples with the as-cast micro-
structure and one side of the composites with the fine ma-
trix microstructure were prepared for metallographic studies:
sanded with abrasive papers of different grit sizes, mirror-
polished with 0.3 mm and 0.05 mm alumina, and separately
suspended in ethyl alcohol. The surfaces were finally etched
by submersion in ethyl alcohol with 1% HNO3 for 3 s to re-
veal their microstructure.

The samples with the as-cast or very fine microstruc-ture
were polished as mentioned above for observation under a
scanning electron microscope (SEM), albeit with-out etch-
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FIGURE 2. Samples of the three sizes used for the compression
test.

TABLE II. Test sample sizes and number.

Base, mm2 Height, mm Sample number

8× 8 16 3

10× 10 20 3

12× 12 24 3

ing. Subsequently, the samples were cleaned twice in acetone
and then in an isopropyl alcohol ultra-sound bath.

Samples of both microstructures were observed, analyzed
and photographed at different magnifications under an Olym-
pus PMG3 Inverted Metallurgical Microscope fitted with an
Olympus C 5050 camera. The surfaces of the samples pre-
pared for SEM were observed, analyzed and imaged at three
magnifications, using secondary and backscattering electrons
signals. Then, the composition of each microstructure was
analyzed by energy dispersive X-ray spectroscopy (EDS).

2.4. Compression tests

Three samples for compression tests were obtained of each
one of the three different sizes (Table II and Fig. 2) using a
silicon carbide grinding wheel. Dimensions of the three sizes
followed a 2:1 relationship.

The density was determined by measuring all the sizes
and masses of samples that would be used to assess the com-
pression behaviour, and resulting data were used to assess the
mean density of each size. The average of all mean densities
was2.9045± 0.2021 g/cm3.

The compression tests were performed on a Universal
Testing Machine, Instron 1125, using a 1 mm/min cross-head
speed. The values of each test were processed and aver-
aged to construct the stress-deformation curve for each sam-
ple size.

3. Results

3.1. Alloy matrix microstructures

The as-cast matrix microstructure is shown in a set of images
in Fig. 3. This microstructure consists of grey dendrites and
light inter-dendritic regions. The latter are an intercalated
combination of light and dark lamellae, as shown in Fig. 3c.
The dendrites feature a submicrostructure of very fine phases
alternating between dark and light shades (Fig. 3e).

The results from the compositional analysis by EDS of
the dendrites and inter-dendritic regions are presented in Ta-
ble III.

FIGURE 3. a) General view, 62X. b) Detail of Fig. 3a, 310X. c) Detail of Fig. 3b, 620X. d) General view. e) Dendrite sub-microstructure.
As-cast matrix microstructure of the Zn22Al2Cu alloy: a), b) and c) under an optical microscope; d) and e) under an electron microscope.
ID, inter-dendritic region; D, dendrite. Points 1 and 2 shown in d) were analyzed by EDS.
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FIGURE 4. a) General view, 62X. b) General View. c) Detail of the grey area, marked with 1 in Fig. 4b. d) Detail of a zone of Fig. 4c.
Microstructure obtained by thermal treatment, showing a smooth wide surface containing a substructure of fine and alternating constituents,
with light and dark shades: a) optical microscope; b), c) and d) scanning electron microscope.

TABLE III. Composition of the components of the as-cast matrix
microstructure, as determined by EDS.

Constituent Element (% weight) Analysis site

(see Fig. 3d)

Dendrite Zn Al Cu

77.77 20.88 1.35 Point 1

Inter-dendritic region 94.73 2.02 3.25 Point 2

The thermally treated samples show a wide and smooth
surface enclosing several small islands of light and dark
shades, when observed under an optical or scanning elec-tron
microscope at low magnifications (Figs. 4a and 4b). How-
ever, this surface is actually a substructure of two very fine,
alternating constituents, one with a clear shade and the other
with a dark shade, which are observable only at high mag-
nifications under a scanning electron microscope (Figs. 4c
and 4d).

The EDS findings of point 1 in Fig. 4b are presented in
Table IV.

TABLE IV. Composition of the grey, wide and smooth area of ther-
mally treated samples, as determined by EDS.

Element (% weight) Analysis site

(see Fig. 4b)

Zn Al Cu
Point 1

76.23 22.32 1.45

3.2. Compression tests

The compression curves constructed for the three sample
sizes and for the as-cast and fine matrix microstructures of
the borosilicate spheres - Zn22Al2Cu composites are shown
in Fig. 5.

In general, three zones are identified in compression
curves: in the first region, the elastic zone, stress varies lin-
early with strain until a maximum value of stress or collapse,
followed by a decrease in stress; in the second region, stress
stabilises at a specific value, defining a plateau; and in the
third region, stress gradually increases with strain.

Rev. Mex. F́ıs. 65 (2019) 31–37



EFFECTS OF THE SIZE AND MATRIX MICROSTRUCTURE ON COMPRESSION OF BOROSILICATE SPHERES. . . 35

FIGURE 5. Compression curves of the borosilicate spheres -
Zn22Al2Cu composite samples for the three sizes tested with a)
as-cast and b) fine matrix microstructures.

In Table V are the Elastic modulus and Collapse stress
values extracted from the stress-strain compression curves for
each size and microstructure of the matrix. These parameters
were defined and obtained from compression curves as was
made in a previous work [22].

4. Discussion

4.1. As-cast microstructure

The as-cast microstructure, observed under an optical micro-
scope, is in general similar to that observed under scanning

electron microscope, with characteristic features of this type
of structure.

The compositional analysis by EDS shows that the den-
drites (Table III) feature a eutectoid composition, modified
with Cu, and that the inter-dendritic regions feature an ap-
proximately eutectic composition of 94.5%p Zn and Al of
the binary alloy system Al-Zn [23].

4.2. Thermally induced microstructure

This microstructure presents very fine constituents, with a
mean size from 200 to 300 nm (Fig. 4d). The composition
of a set of these fine grains is similar to that of the Zn-22Al
eutectoid alloy, modified with Cu (Table IV).

4.3. Compression tests

The shape and number of regions of the compression curves
are approximately similar to those of common foam met-
als [24]. However, the first maximum stress or collapse stress
values of the latter, for example, are 9 to 17 times lower than
the values assessed in this study, thus showing that the studied
material features the dual nature of composite - foam. This
result corroborates the findings reported by [22].

In the case of the as-cast matrix microstructure, the in-
crease in size or number of embedded glass spheres gradu-
ally increases the level of the compression curve of composite
(Fig. 5a). Namely, the composite supports a higher compres-
sive stress: the elastic modulus, the value of collapse stress,
the value after which stress decreases, the central value of
stress defining the plateau and the level of the final region
of the curve, known as densifica-tion region for foams and
cellular materials, increase.

The as-cast matrix microstructure of the tested compos-
ites with the two smallest sizes experiences a small plastic
deformation under a nearly constant stress, defining a pla-
teau with slight stress changes in their stress-strain curves,
and readily initiates the their densification, at strain values
that slightly increase with composite size (lower section of
Fig. 5a).

TABLE V. Elastic modulus and collapse stress obtained for each matrix microstructure and sample size.

As-cast microstructure Fine microstructure

Sample size Elastic Modulus Collapse Stress Elastic modulus Collapse stress

(mm) (GPa) (MPa) (GPa) (MPa)

8× 8× 16 19.05± 1.23 101.84± 7.24 17.16± 0.08 97.55± 0.21

10× 10× 20 27.58± 0.18 155.51± 1.47 20.22± 0.32 112.92± 3.16

12× 12× 24 33.07± 0.90 167.33± 7.08 22.05± 0.51 126.37± 4.80
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In turn, the larger composite becomes permanently de-
formed to a greater extension at stresses with clearly marked
ups and downs. Therefore, their densification starts at a
higher strain, and the full shape of the resulting stress-strain
curve, in the upper section of Fig. 5a, resembles the com-
pression curves of cellular composites, such as Zn [25] and
Al2O3 [26].

The above is undoubtedly caused by the increase in the
number of spheres embedded in the matrix when increas-
ing the composite size, and by the deformation macroscopic
mechanism on compression of this composite with as-cast
microstructure: this material is sequentially deformed in lay-
ers. That is, the matrix is plastically deformed until the stress
on the spheres increases to a value that fractures them in an
extreme layer of sample; decreasing then the total stress re-
quired, which after tends to increase during the closing and
pressing of walls of holes in such layer, and thus, concur-
rently for the following layers. This mechanism was found
and reported by [22], using a series of images of a sample of
this composite with aforementioned microstructure in matrix
and compressed in stages of increasing deformation.

The last region of the compression curves, known as den-
sification region when material in compression is a foam, of
the composite with the as-cast matrix microstructure starts at
a plastic deformation that increases with the size of the ma-
terial (17.82%, 21.80% and 32% of strain when increasing
the sample volume to 1024 mm3, 2000 mm3 and 3456 mm3,
respectively).

Conversely, the response to compressive stress of the
composite with a fine matrix microstructure is completely
different from that of the composites with an as-cast matrix
microstructure. Thus, the following occurs when the size of
the composite or the number of spheres embedded in the al-
loy matrix with fine microstructure increases: only the elastic
modulus and the maximum stress (or collapse) after which
stress decreases, increase.

In addition, the stress plateau remains at approximately
the same level. No marked difference in the extension of
the plateau is noted; the percentage of deformation at which
densification starts decreases with the increase in sample
size (42.8%, 36.0% and 30% of strain at sample volumes of
1024 mm3, 2000 mm3 and 3456 mm3, respectively), in con-
trast to the findings of the as-cast microstructure.

The behaviour of the composite with fine matrix mi-
crostructure would can be explained by the deformation
macroscopic mechanism stablished and published by [22]: it
was used a sample of this type of material and microstructure
in matrix and was compressed in stages of increasing defor-
mation. The spheres in sample broke simultaneously because
the applied stress is directly transferred to spheres, due fine
grains in alloy matrix do not deform because they have not
dislocations [1].

Hence, the simultaneous rupture of all sample spheres
cause the marked decrease in stress after reaching the col-
lapse stress, and after this point, the composite behaves as

a true foam, maintaining the plateau stress at a similar level,
regardless of the composite size.

The pieces of spheres present in the samples with a fine
matrix microstructure clearly prevent the deformation after
constant or plateau stress; therefore, the closing and pressing
of walls of holes in all sample start at increasingly lower de-
formations when the sample size increases or the number of
pieces of spheres in matrix holes.

Figure 6 shows how the elastic modulus and the first
stress maximum or collapse stress, in Table V, vary with the
increases in sample volume of the tested composites. Both
parameters clearly increase with the composite volume, re-
gardless of the matrix microstructure: the elastic modulus
and collapse stress continually increase in both types of mi-
crostructure. Whereas, the variation in first stress maximum
is nearly asymptotic in the last two volume values of com-
posites with the as-cast matrix microstructure.

The as-cast microstructure produces larger increases in
elastic modulus and collapse stress than those generated by
the fine microstructure when increasing the sample volume.
Whereas the elastic modulus and collapse stress increase at a
lower rate in the case of the fine microstructure.

FIGURE 6. Variation of the a) elastic modulus and b) maximum
stress or collapse in the compression test with increasing sample
volume of each matrix microstructure of the borosilicate spheres -
Zn22Al2Cu composites.
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5. Conclusions

The compression behaviour of the studied composites is char-
acterised byσ − ε curves similar to those of foam or cellular
metals. The composites with as-cast and fine microstructure
in matrix have compression curves whose shape is similar
to that exhibits by compression curves of ideal cellular met-
als, or cellular materials of Zn or Al2O3, respectively. The
following occurs when increasing the composite size from
a volume of 1024 mm3 to 3456 mm3, a) The level of the
compression curve increases, the stress plateau goes from be-
ing almost imperceptible to having a greater extension, with
marked stress fluctuations, and densification begins at higher
values of plastic defor-mation, in the case of the as-cast ma-
trix microstructure. b) The level of the first part of the com-
pression curve (expressing the elastic behaviour and the col-
lapse stress) increases, while the level of the stress plateau
remains virtually un-changed, and densification begins at in-
creasingly lower values of plastic deformation, in the case of
the fine ma-trix microstructure. c) The as-cast microstruc-
ture produc-es greater increases in Young’s modulus and col-
lapse stress than those generated by the fine microstructure.
Thus, the elastic modulus increases from19 ± 1.23 GPa

to 33.07 ± 0.9 GPa, and the collapse stress increases from
101.84± 7.24 MPa to167.33± 7.08 MPa, in the case of the
as-cast matrix microstructure. Whereas the elastic modulus
and collapse stress increase at a lower rate, from17.16±0.08
GPa to22.05 ± 0.51 GPa and from97.55 ± 0.21 MPa to
126.37 ± 4.80 MPa, respectively, in the case of the fine ma-
trix microstructure.

In general, borosilicate spheres - Zn22Al2Cu compo-sites
show a foam compression mechanical behaviour that changes
with the increase in size, and this change depends on the ma-
trix microstructure: the as-cast microstructure is more sus-
ceptible to such a change than is the fine microstructure.
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